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ABSTRACT
Breast milk is considered the gold standard of infant nutrition. However , many women around
the world lack the ability to breastfeed their children due to disease , malnutrition , time
constraints , or cultural considerations. Human breast milk banks exist to collect and distribute
breast milk , allowing the greatest number of infants to have access to safe breast milk for optimal
nutrition. To ensure the safety of the breast milk that is donated and distributed , milk banks must
pasteurize and test donated breast milk for biological hazards such as bacteria. While
pasteurization methods in the United States and other highly developed nations are reliable , they
are often costly and resource intensive. In developing nations , high-throughput , consistent
pasteurization methods are rarely available , resulting in a higher risk of donated breast milk
samples containing harmful bacteria , such as Escherichia coli.
MilkGuard is a hydrogel-based biosensor intended to detect Escherichia coli (E. coli) in samples
of donated breast milk. The sensor functions to indicate the concentration of E. coli bacteria
present in a sample of donated breast milk through a colorimetric change. In order to produce a
functional biosensor , this project included iterative reproducibility and accuracy tests to confirm
MilkGuard's

capability of consistently

detecting and indicating

the presence

of small

concentrations of E. coli bacteria. By improving the induction and lysing processes of E. coli ,
this project optimized the protocol through which MilkGuard's effectiveness can be evaluated.
Through the use of COMSOL Multiphysics software , this project modelled the physics of
MilkGuard's reaction to optimize the thickness of the sensor. Our goal is to improve the
reproducibility and accuracy of MilkGuard to create a more robust sensor that can save lives by
determining the safety of donated human breast milk before distribution to vulnerable infants.

Keywords : Breast Milk , Human

Milk Banking , E. coli Detection , Hydrogel

Colorimetric.
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CHAPTER 1: INTRODUCTION

1. 1 Infant Nutrition and Breast Milk
The importance of breastfeeding for infant health cannot be overstated. Human breast milk
consists of an idealized ratio of nutrients for infant development , including a high ratio of fats
and proteins critical for newborn weight gain [2]. Breast milk also contains resorbable lactose ,
vitamins , and minerals. In addition , breast milk contains many bioactive agents such as
immunoglobulin-A (IgA) , interleukin (IL)-10 , erythropoietin , lactoferrin , transforming growth
factor (TGF)-~ , and other growth factors. All of these nutrients contribute to an infant's growth
and development.

The benefits of breastfeeding are widespread. To begin , researchers have proven that mothers
who breastfeed their children are less likely to experience breast cancer , ovarian cancer , type II
diabetes , and high blood pressure [ 1]. More relevant to the scope of this paper , breastfeeding has
numerous benefits to infant health. Consumption of breast milk in infancy has been linked to
lower rates of asthma , obesity , type I diabetes , respiratory disease , sudden infant death
syndrome , gastrointestinal infections , and necrotizing enterocolitis through childhood [1]. In
addition , the anti-inflammatory impact of breast milk bioagents is very important for infant
development. The composition of breast milk is difficult to replicate in formula. In particular , its
dynamism , ratio of micronutrients , and viability bioactive agents is very unique [2].

1.2 Insufficient Infantile Breast Milk Consumption Worldwide
In spite of the well known benefits of breastfeeding infants , many babies are inadequately
breastfed or not breastfed at all. According to the World Health Organization (WHO) , only 41
percent of infants are exclusively fed breast milk for their first six months of life as
recommended for all children. There are several reasons for which infants are not fed enough
breast milk. In wealthy , Euro-American areas, such as the Bay Area , social stigma often inhibits
many women from breastfeeding their children to the recommended extent [4]. However , some
parents are completely unable to personally breastfeed their infants due to physical or medical

9

limitations. In both developed , wealthy areas like the United States and developing nations
around the world , women are impacted by disease and other conditions that necessitate
temporary or permanent cessation from breastfeeding. In the United States alone, 6,000 to 7,000
women with HIV give birth annually , and these women are typically encouraged to not
breastfeed at all [9]. Globally , this figure is much higher. Conditions including abscesses , sepsis,
and mastitis also prevent breastfeeding with great impact on infant health [9]. A mother with a
sexually transmitted infection , bloodbome pathogen , or sustained legal or illegal drug use may
also be unable to safely breastfeed. Finally , infants without a parent able to breastfeed , including
but not limited to children of male gay couples , of single parent households , or of mothers
incapable of sufficient lactation , do not typically have access to breast milk. According to the
WHO , 820,000 children around the world could be saved if optimally breastfed.

1.3 Breast Milk Donation and Breast Milk Banks
Milk banks , or human breast milk banks , are organizations that collect , screen , and distribute
donor human milk (DHM) for consumption by infants. They are crucial for increasing the
number of infants fed breast milk worldwide. Even when a child does not have primary access to
breast milk , consumption of DHM is better for infants than consumption of preterm formula
[12]. In order to ensure that DHM distribution is safe for infant consumption , milk banks
typically screen donors , pasteurize the DHM , and culture the DHM to reveal any bacterial
contaminants [12].

1.3.1 Milk Bank DHM Safety Methodology
Milk banks must take every precaution to ensure the safety ofDHM before distribution.
As displayed in Figure 1 below , the process for ensuring the safety ofDHM in the United
States is a lengthy process. Potential donors must first pass a preliminary screening
attesting they do not smoke tobacco , do not drink alcohol , have not experienced mastitis ,
and more [10]. More intensively , the DHM undergoes extensive bacteriological analysis
both before and after pasteurization to ensure its safety for infant consumption. The
amount of bacteria in a sample is measured in terms of concentration , with units of
Colony Forming Units (CFU) per milliliter. In order to pass the pre-pasteurization
bacteriological culturing test, the sample ofDHM must have less than 106 CFU/mL
10

bacteria and less than 104 CFU/mL pathogenic bacteria [12]. In the United States,
Canada , and other countries with defined DHM best practices , there must be no
bacteriological growth whatsoever after pasteurization to pass the second bacteriological
culturing test [12].

Potential
donor

Donatio n
rej ected

Questionnaire
screening

Donor
accepted

Donor milk
collection

FAIL

Bacteriological testing :
Passing Cond ition =
Overall bacterial count
::, 1o• CFU generall y
or~ IO' CFU
pathogenic agents

PASS

HTST or holder
pasteurization

Bacterio logical
testing

PASS

Donation
accepted

Figure 1. Original flowchart of DHM collection and safety processing conducted as industry
standard [12, 10].
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1.3.2 Pre-Pasteurization Bacteriological Testing Limitations
Conducting bacteriological testing of DHM samples before pasteurization is a
recommended but costly step in ensuring DHM safety for consumption.
Pre-pasteurization bacteriological testing serves as an initial screening of specific donors'
DHM to determine their profiles as continuing donors and as an initial screening of the
DHM samples [17]. Post-pasteurization bacteriological testing is more important to
ensure that there is no bacteria whatsoever present in DHM approved for distribution to
families. When there is a higher budget available to milk banks , they perform both stages
of bacteriological testing , but most milk banks have a budget for only the
post-pasteurization testing [12].

MilkGuard is a proof of concept project by which a colorimetric scale for bacterial
concentration in DHM will be developed for E. coli. It depends on the enzymatic
cleavage of X-Gal in the sensor by the bacterial protein ~-galactosidase to create a
measurable blue precipitate. Once it is demonstrated that a sensitive , low-cost hydrogel
sensor can detect and report E. coli in DHM , other sensors can be developed to detect
other strains of pathogenic bacteria in a sample using unique enzymatic reactions.

1.4 MilkGuard as a Means to Improve Availability of Breast Milk Worldwide
Infant consumption of safe breast milk is critical to improve infant health and decrease infant
mortality rates worldwide. The most prevalent limitations decreasing availability of DHM for
infants without access to a mother's breast milk are the cost of processing DHM and the frequent
disposal of improperly sterilized DHM. MilkGuard can help prevent these limitations.

MilkGuard is a hydrogel-based biosensor intended to detect Escherichia coli (E. coli), a common
bacterial contaminant , in samples of DHM. The sensor is an alginate strip that functions by
detecting the digestion of lactose in breast milk by bacterial enzymes and indicating the presence
of E.coli through a colorimetric change. The purpose ofMilkGuard is to produce a low-cost ,
accurate biosensor to indicate the presence of E. coli as a proof of concept for the elimination of
intensive bacteriological testing of DHM samples before and after pasteurization.

12

Unlike other biosensors available or in development , MilkGuard will detect bacteria in samples
ofDHM with minimal cost and simple operating procedures. To begin , MilkGuard will cost
roughly 81 cents per test, as opposed to expensive lab culturing bacteriological tests. As a viable
test to eliminate the costly bacteriological testing , MilkGuard will not only reduce the cost but
also eliminate the time delay associated with culturing and outside lab tests. In addition ,
MilkGuard is a simple exposure test with only a few steps required for operator use and analysis.
By implementing MilkGuard into milk bank DHM processing , their costs can be reduced ,
processing times lowered , and wasted milk minimized.
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CHAPTER 2: REVIEW OF FIELD

2.1 Literature Review
To perform a substantive and relevant literature review, the focus was on recent technical
publications regarding studies that could rival MilkGuard in industry or academia. Two types of
studies were chosen. First, studies exploring the detection of E. coli or other bacteriological
pathogens in aqueous solutions were reviewed as potential mechanisms for the improvement of
MilkGuard. Second, methods of studying and ensuring the safety ofDHM were reviewed to
understand the state of the field in bacterial contamination ofDHM. Through literature review,
MilkGuard is better understood for its strengths and unique position in industry.

2.1.1 Studies Regarding Bacteriological Detection in Aqueous Solutions
A fully automated microjluidic-based electrochemical sensor for real-time bacteria
detection [ 14]
Researchers from the Scientific and Technological Research Council of Turkey and the
Technical University of Berlin have developed an electrochemical microfluidic sensor
that can detect E. coli in water samples at 50 CFU/mL. The sensor has high specificity
and sensitivity in detecting not only E. coli, but also Shigella, Salmonella spp.,

Salmonella typhimurium, and Staphylococcus aureus through the introduction of specific
antibodies. It provides results in real time, but it is meant to detect pathogens in water
exclusively.

While this sensor has promise in its versatility and lower limit of detection, it has only
been validated for the detection of pathogens in water. In addition , specific antibodies can
be cost intensive, so an enzymatic approach is more appropriate for MilkGuard.

Voltammetric measurement of Escherichia coli concentration through p-APG hydrolysis
by endogenous /J-galactosidase [15]
Researchers at Taipei Medical University and National Chung Hsing University have
developed an electrochemical detection platform of E. coli based on the digestion of
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p-aminophenyl-~-d-galactopyranoside

(p-APG) by ~-galactosidase. p-APG not cleaved

by ~-galactosidase generated by E. coli is oxidized on a gold electrode to generate an
electrical signal corresponding to the level of active E. coli in a 1 mL sample suspended
in a buffer. An accurate and replicable concentration curve of E. coli detection between
102 CFU/mL buffer and 104 CFU/mL has been achieved. The signal is best between 30
and 100 minutes after initiation of the reaction.

While the mechanism of detection is similar to that of MilkGuard due to the shared use of
~-gal cleavage, the voltammetric measurement system complicates the user instruction
and skill needed to perform a point-of-care detection of E. coli. MilkGuard currently has
a much broader range of detection.

Carbon-dot-hydrogel for enzyme-mediated bacterial detection [ 16]
Researchers at Ben Gurion University in Israel developed a hydrogel based sensor for the
detection of bacteria in water. Their sensor detects multiple types of bacteria through the
novel cleavage of ester bonds in the hydrogel by bacterially secreted enzymes. The
amount of bacteria is quantified by the subsequent liquidization of the hydro gel and the
aggregation of carbon dots that were embedded in the matrix. Researchers could
differentiate between Bacillus cereus, Bacillus subtilis, Pseudomonas aeruginosa PAO 1
wild type, and Staphylococcus aureus with this methodology. The entire process takes
about 48 hours to produce a result.

Carbon-dot technology is an emerging field, and it is an expensive technology. While the
hydrogel sensor discussed in this paper is versatile and specific, its high cost makes in an
inaccessible option for a low-cost sensor usable in developing nations. MilkGuard can
serve more individuals globally and reduce cost in the United States.

Electrically-receptive and thermally-responsive paper-based sensor chip for rapid
detection of bacterial cells [17]
Researchers from the University of Illinois at Urbana Champaign have recently
developed a paper-based graphene sensor chip electrically and thermally responsive to
15

pathogens in both environmental and food samples. Gram negative and positive bacteria
was tested at concentrations varying from 101 to 105 cells/mL with a focus on
reproducibility, sensitivity and shelf life of the sensor. The sensor has an integrated
circuit which enables it to send and receive signals caused by the bacterial interaction
with the PNIPAm-GR fibers. The results can be analyzed with only an 800 second delay.

This sensor, like other sensors found in this literature review, relies upon an
electrochemical voltage generation. This can provide a distinct signal, but it requires
more processing than a colorimetric sensor like MilkGuard. The cost of the sensor is
extremely high due to the custom printed circuitry.

Microjluidic Capillaric Circuit for Rapid and Facile Bacteria Detection [18]
A team from McGill University developed a microfluidic capillary circuit (CC) for the
automatic detection of E. coli in urine for the diagnosis of urinary tract infections. The
CC delivered the bacterial sample, reagents, and detection antibodies autonomously for
detection in as few as 7 minutes. The antibodies used for detection are delivered within
microbeads that are relatively expensive to procure. The lower limit of E. coli detection
was 1.2x 102 CFU /mL which is well within the diagnostic range for urinary tract
infections.

This microfluidic chip is specific for the detection of E. coli in urine. While this sensor is
autonomous, its setup is extensive and requires maintenance. MilkGuard is a more
appropriate option for DHM banks.

Electrochemical Detection of Escherichia coli from Aqueous Samples Using Engineered
Phages [19]
A team of researchers from both University of Massachusetts Amherst and Cornell
University were able to develop an enzyme-based electrochemical sensor for the
detection of E. coli bacteria using T7 bacteriophages whose lacZ operon had been
engineered to encode for beta-galactosidase. These bacteriophages were able to infect E.
coli, causing an overexpression of ~-galactosidase in the bacteria. The ~-galactosidase
16

catalyzed the reaction of a substrate called PAPG into PAP , which is an electroactive
species. The electrochemical signal produced through the PAP production was
proportional to the amount of E. coli present in the sample. This system was tested in a
number of aqueous solutions with success , including drinking water , dairy milk , and
apple juice. After 7 hours of reaction time , a lower limit of detection of 3 .Ox102 CFU/mL
was achieved.

This sensor provides another example of an electrochemical sensor available for bacterial
detection in aqueous solution. As previously mentioned , while this can provide a distinct
signal , it requires more processing than a colorimetric sensor like MilkGuard.
Accessories for signal processing raise the costs beyond that of MilkGuard. Additionally ,
MilkGuard's sensitivity is aimed to be even better than this lower limit of detection of
3.0xl0

2

CFU/mL.

Multipl ex ed pap er test strip for quantitati ve bacterial detection [20]
Researchers have developed an ultrasensitive bioactive paper meant for the detection of
Escherichia coli in bathing water samples. The sensor consists of
5-bromo-4-chloro-3-indolyl-~-D

(X-Gal) encapsulated within a silica sol-gel ink that is

printed on a paper support. Upon introduction to a sample , the encapsulated X-Gal is
hydrolyzed through an enzymatic reaction to produce a blue precipitate. Detection of less
than 1 CFU/ 100 mL was reached after 8 hours time , rendering the sensor relevant for
detection of E. coli bacteria in samples of food and drink.

Like MilkGuard , this sensor utilizes a colorimetric change to indicate the presence of E.

coli in aqueous solution. Additionally , both MilkGuard and this test strip utilize
hydrolysis of encapsulated X-Gal by ~-galactosidase as the primary reaction mechanism.
However , this multiplexed paper design is more difficult to manufacture than
MilkGuard's simple alginate gel strip design.
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2.1.2 Methods of Studying and Ensuring the Safety of Milk
A F oldable Isothermal Amplification Microdevice for Fuchsin-Based Colorimetric
Detection of Multiple Foodborne Pathogens [22]
A team from Gachon University developed a foldable microsensor utilizing DNA
purification, amplification, and detection to identify different pathogens in milk. This
sensor relies on the LAMP (loop mediated isothermal amplification) and fuchsin based
DNA colorimetric detection techniques. The paper-based detection zone of the device
consists of fuchsin stained strips. When the device is folded, a DNA template solution
from the sample is transferred into the reaction zone of the device along with the
detection zone. E. coli and Salmonella spp. were able to be detected in thermally lysed
milk with a sensitivity of 102 CFU/mL. The strips take only 65 minutes to develop visible
colorimetric results.

While this sensor is sensitive and effective at detecting E. coli bacteria in milk samples, it
relies on loop mediated isothermal amplification, introducing the need for costly DNA
primers, buffers, and DNA polymerase enzyme. MilkGuard does not rely on bacterial
amplification, eliminating these costs and making it more accessible for use in
low-income areas around the world. MilkGuard is a more specific sensor.

Mylee: A Milk Sensing Device to Track Breastfeeding and Prevent Low Milk Supply [21]
My Milk Laboratories has developed a new technology for mothers to analyze their breast
milk at home. The device, called Mylee, senses the electrochemical properties in six
drops of breast milk. The device connects via bluetooth to a smartphone or tablet to
output a "score" on a points based system that indicates where breast milk is on a
continuum from colostrum to mature milk. Mylee will cost $250 and is expected to be
available beginning in April 2020. MyMilk Lab also produces at-home test kits in which
a mother sends a vial of her breast milk back to a lab where it is analyzed for a variety of
components including vitamins, calories, fat percentage, bacterial and fungal infections.
The cost of these tests ranges between $250 for a breast infection test to $333 for a breast
milk nutritional panel.
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While My Milk test kits provide effective at-home services for mothers , they are
expensive solutions to bacterial detection of donated breast milk. Testing one sample of
breast milk for bacterial infection costs $250 with a My Milk kit. Testing that same
sample of breast milk with MilkGuard would cost less than $1.

Lactation Labs Br east Milk Test Kits [23]
Dr. Stephanie Canale , founder of Lactation Labs , developed breast milk test kits to test
for various nutrient levels and toxins found in breast milk. Mothers send in a sample of
breast milk that is then analyzed in the lab, and a profile of the milk's composition is sent
electronically back to the mother. Depending on which type of kit is used , processing
times take between one and three weeks , and pricing ranges from $99 to $349 per kit.
Lactation Labs provides an easy service involving a simple vial collection of breast milk.

However , both processing times and pricing keep these kits from being a feasible solution
for breast milk banks. Results usually take several weeks for commercial results.
MilkGuard provides a more rapid response at a lower price point without the need for
expensive external equipment.

2.2 Critiques of Existing Technologies
The literature review indicates an evident need for pathological sensors specifically meant for
detection of bacteria in donated human breast milk. Existing technologies are time consuming
and costly , making them not feasible solutions for breast milk screening in milk banks , especially
in developing areas.

Table 1. Benefits of MilkGuard over existing competitive products.
For Use With

Fast
Low-Cost

Breast Milk

MilkGuard

II

II
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Sensitive
Results

II

II

Automated Microfluidic-Based
Electrochemical Sensor
E. coli Electrochemical Detection
Through p-APG Hydrolysis
Carbon-Dot-Hydrogel for
Bacterial Detection

"

"

II

II

"

II

II

"

"

"

II

II

"

"

II

II

"

"

II

II

"

II

II

"

"

II

II

II

II

"

II

II

II

"

"

II

II

"

"

II

Electrically-Receptive and
Thermally-Responsive Sensor
Chip for Bacteria Detection
Microfluidic Capillaric Circuit
for Bacteria Detection
Electrochemical Detection of E.
coli Using Engineered Phages
Multiplexed Paper Test Strip for
Quantitative Bacterial Detection
Isothermal Amplification
Microdevice for Colorimetric
Detection of Pathogens
Mylee Electrochemical Breast
Milk Sensor
Lactation Labs Breast Milk Test
Kit
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CHAPTER 3: PROJECT DESIGN AND SYSTEM ANALYSIS

3.1 Project Design
Our project has built upon previous efforts to develop Milk.Guard. Improvements attempted
during this year's research include : optimizing the process for lysing E. coli prior to use with the
MilkGuard sensor , optimizing sensor strip thickness , and improving the quantification of results.

3.1.1 Overview of Sensor Mechanism
MilkGuard's current design utilizes the substrate 5-bromo-4-chloro-3-indolyl-~-D , also
known as X-Gal , that is encapsulated within an alginate gel sensor strip. When used in
the field , the sensor will be submerged in a sample of donated breast milk following a
bacterial lysing process. An enzyme called ~-galactosidase , that is expressed by any E.

coli bacteria in the milk sample , will break down the X-Gal substrate to produce a blue
precipitate. The intensity of the blue color produced directly correlates with the amount
of E. coli present in the sample , indicating whether or not a sample of donated breast milk
is safe for consumption by infants.

OH

(.

·o

Figure 2. Cartoon of MilkGuard's design with the X-gal substrate encapsulated in the alginate
gel substrate (left). Image of dry MilkGuard sensor strip (right).
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3.1.2 Key Deliverables of Project

The main objectives of this year's project are the following :
1. Optimize the protocol for utilizing the B-Per bacterial protein extraction kit to
more efficiently lyse E. coli and consequently lower MilkGuard's detection limit.
2. Enhance the methods of growing and inducing E.coli bacteria to decrease time
required to set-up MilkGuard experiments.
3. Improve methods of quantifying the colorimetric scale produced from using
MilkGuard with a variety of bacterial concentrations.
4. Electronically model MilkGuard's geometry and enzymatic reaction to optimize
sensor shape and thickness.

3.2 System Analysis

3.2.1 Subsystem I: Induction Process

The lac operon is found within the genes of E. coli bacteria and codes for expression of
~-galactosidase , the enzyme primarily responsible for lactose breakdown within the cell.
Upstream of the lac operon gene sequence is a coding region for the lac repressor. When
the lac repressor is expressed, it binds to the operator region of the lac operon and
prevents RNA polymerase from binding. However , when allolactose is present , it binds
to the lac repressor and prevents it from binding to the operator, allowing the genes for
~-galactosidase to be transcribed. This process is called induction. Some lactose is
converted to allolactose within the bacterial cell, allowing lactose to be an induction
agent for the lac operon. However , lactose/allolactose aren't the only molecules capable
of inducing the lac operon; IPTG, a molecular mimic to allolactose , is also capable of lac
operon induction. One goal of this project is to optimize the induction process involved in
the set-up ofMilkGuard experiments.
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Figure 3. Graphical representation of an induced lac operon with allolactose [24].

3.2.2 Subsystem II: Bacterial Lysis Process
After induction of the lac operon , ~-galactosidase enzyme is expressed by E. coli
bacteria. In order to increase the sensitivity of MilkGuard , it is best practice to lyse open
the E. coli cells prior to use with the sensor. After lysing , ~-galactosidase is freed from
entrapment within the cell and is more readily available to react with MilkGuard's X-Gal
substrate. This project aims to optimize the efficiency of this process.

3.2.3 Subsystem III: Enzymatic Reaction
The colorimetric change produced in MilkGuard is due to the enzymatic reaction between
E. coli's ~-galactosidase enzyme and the
5-bromo-4-chloro-3-indoly 1-~-D-galactopyranoside (X-Gal) substrate encapsulated
within MilkGuard. When placed within a sample of donated breast milk , X-Gal diffuses
out of the MilkGuard sensor and is free to react with the ~-galactosidase enzyme.
~-galactosidase cleaves X-Gal molecules via a hydrolysis reaction resulting in galactose
and 5-bromo-4-chloro-3-indolyl-hydroxyindole , which spontaneously dimerizes in
solution to form an intense blue precipitate , 5,5'-dibromo-4 ,4'-dichloro-indigo. This blue
precipitate can be measured on a colorimetric scale and is indicative of the amount of E.

coli bacteria present in the sample.
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Figure 4. Enzymatic reaction of ~-Galactosidase with X-Gal substrate [29].

3.2.4 Subsystem W: Encapsulation in Alginate Sensor Strip
The X-Gal substrate utilized in MilkGuard is encapsulated within an alginate gel sensor
strip. Alginate gel immobilizes and stabilizes the substrate without affecting its chemical
structure. Encapsulation also allows for an integrated design to maximize ease of use in
the field. Alginate made a great choice as the material for the MilkGuard sensor due to its
biocompatibility and bioinert qualities , as well as its low cost [29]. Additionally , alginate
is a great hydrogel material to use for biomolecular entrapment. Hydrogels are a type of
biomaterial that consist of crosslinked macromolecular networks. By manipulating
variables such as crosslinking solution , crosslinking time , or polymer molecular weight ,
the properties of the hydro gel can be easily manipulated. Alginate consists of two
different residues , (1,4)-linked ~-D-mannuronate (also called "M" residues) and
a-L-guluronate (also called "G" residues) [30]. These residues are crosslinked together
using a cation , which is usually calcium. Prior to crosslinking , the alginate is a viscous
fluid. Following crosslinking with Ca 2+,the alginate becomes a firm gel. The MilkGuard
sensor takes advantage of this property change. By mixing X-Gal into alginate while it's
in a liquid state, the substrate can easily be encapsulated within the alginate solution. That
solution is then deposited into a strip-like shape and crosslinked with calcium , creating a
firm, easy to use sensor strip.
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3.3 Current Benchmarking Results
In regards to pricing , the benchmark for existing state-of-the-art biofluid pathogen detecting
immune-based test kits is $3 [7]. The cost to test one sample of donated breast milk with
MilkGuard will be less than $1.

In regards to sensitivity , to pass a pre-pasteurization bacteriological culturing test , donated breast
milk must have less than 106 CFU /mL bacteria and less than 104 CFU /mL pathogenic bacteria
[12]. The sensitivity ofMilkGuard has been shown to be below these benchmarks at 102
CFU/mL [7]. Upon further optimization , it is expected that the sensitivity of MilkGuard will be
able to detect even lower bacterial concentrations , with an ultimate goal of detecting any bacteria
at all present in the sample.

3.4 Project Constraints
Due to the COVID-19 pandemic declared in March , 2020 , the scope and completed state of our
project had to be suddenly reimagined in the middle of the project completion. All lab work had
to be suspended , keeping us from optimizing bacterial growth , induction , and lysing processes as
much as we had originally planned. This created a shift of focus to computer modelling of the
MilkGuard sensor and its enzymatic reaction. Through our model , we hope to gather data to
optimize the thickness of the sensor so that future groups may implement our findings at a later
date.
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CHAPTER 4: MATERIALS AND METHODS
4.1 Overview of Materials and Software Used
Our methods allow for this validation of the colorimetric scale by comparing known and
unknown bacterial samples. Our materials and methods achieve optimization of the bacterial
extraction process. They also help us ensure the robustness of our data by allowing for parallel
experiments to take place simultaneously. We have focused on proving the efficacy and accuracy
of the sensor itself Many of our protocols focus on the lysis and extraction processes of E. coli
since efficient lysis is critical to have results that correspond to the conditions observed in human
breast milk. In each experiment , we vary the conditions or methods within a protocol to validate ,
verify , or collect data. We also used three different software systems to analyze and model the
data we collected.

4.2 Materials
The following materials and substances were critical to the success of our experimental methods.
Their purposes are detailed in Table 2 below.

Table 2. Materials employed in experimental procedures.
Material

Purpose

Product Information

Whole milk

Inducing agent and substitute for

Generic brand

breast milk
Agar

Growth medium for culturing E. coli

Model22700041
Thermo Fisher
Invitrogen
(Waltham , MA)

26

X-Gal

Substrate in enzyme/substrate

Model MFCD00135782

( 5-Bromo-4-Chloro-3-Indol

reaction ; turns blue to indicate

Sigma-Aldrich

y 1 ~-D-Galactopyranoside)

presence of ~-galactosidase

(St. Louis , MO)

~-galactosidase

Enzyme in enzyme /substrate

Model 10105031001

reaction ; also used to replicate

Sigma Aldrich

presence of bacteria in experiments

(St. Louis , MO)

Growth medium for E. coli when

Sigma Aldrich

incubating

(St. Louis , MO)

Cultivated to create a ladder of

Santa Clara University

bacterial concentrations for color

Department of Biology

scale

(Santa Clara , CA)

ThermoFisher Scientific

Utilized for the lysing process of

Model 78243

B-PER Direct Bacterial

bacteria

Thermo Scientific

LB broth

SCU-104 Escherichia coli

Protein Extraction Kit

(Waltham , MA)

Bio Vision EZLys™

Used for the lysing process of

Model 8001

Bacterial Protein Extraction

bacteria

Bio Vision Inc.

Reagent

(Milpitas , CA)

IPTG (Isopropyl ~-

Inducing agent for control

Model 15529019

d-1-thiogalactopyranoside)

experiments and ladder

Thermo Fisher
Invitrogen
(Waltham , MA)

Chicken Egg White

Utilized for the lysing process of

Model MFCD00131557

Lysozyme

bacteria

Sigma Aldrich
(St. Louis , MO)
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Alginate powder from

Primary substance of sensor strip

brown algae

Model 9005-32- 7
Sigma Aldrich
(St. Louis , MO)

Sodium phosphate buffer

Solution used to resuspend E. Coli

Bioengineering

pH7.2

pellets after centrifugation

Department , Santa
Clara University
(Santa Clara , CA)

Dimethylformamide (DMF)

Solution used to dissolve X-Gal

Sigma Aldrich
(St. Louis , MO)

1.5% CaC12 solution

Solution used to crosslink the

Bioengineering

alginate strip sensor

Department , Santa
Clara University
(Santa Clara , CA)

0.9% filtered NaCl solution

Solution used in fabrication of

Bioengineering

alginate

Department , Santa
Clara University
(Santa Clara , CA)

1 mL syringe

Spectrophotometer cuvettes

Microcentrifuge tubes

Disposable instrument used to form

EMD Millipore

alginate strip

(Hayward , CA)

Disposable vessel for measuring OD

Thermo Fisher

of solutions in the

Scientific

spectrophotometer

(Waltham , MA)

Disposable vessel for centrifuging

Thermo Fisher

bacterial solutions to create a pellet

Scientific
(Waltham , MA)

Inoculating loop

Disposable for selecting and
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Thermo Fisher

transferring a bacterial colony

Scientific
(Waltham , MA)

40 mL test tube

Disposable vessel for bacterial

Thermo Fisher

incubation

Scientific
(Waltham , MA)

Black box

Light-blocking vessel for

Acquired from previous

standardized imaging conditions

senior design teams
Santa Clara University
(Santa Clara , CA)

Custom well plate

Vessel for imaging of solutions

Santa Clara University

containing colorimetric reactions

Maker Lab
(Santa Clara , CA)

Phone Camera

Used for reaction imaging

Apple
iPhone X
(Cupertino , CA)

4.2.1 Custom Materials Design
The black box our group utilized to take photographs of our solutions under conditions
with standardized lighting and positioning was custom designed by a previous senior
design group. By using flash photography from the same cell phone camera for each
image taken , every photo needed for data collection was taken under standardized
conditions.

Using SolidWorks , we designed a custom well plate with specifications to hold each
colorimetric reaction that happened at all different bacterial concentration levels tested. It
was designed to hold the exact volume of each test tube. We used white PLA to 3D print
the well plate , so when the pictures were captured the purest blue would show.
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4.3 Software Used
This software was essential to data analysis and result predictions and modeling. The different
software and their purposes are outlined in Table 3 below.

Table 3. Software required for data acquisition and analysis.
Software Used

Purpose

SolidWorks

Used for producing size-specific well plates for
production of clearer images and easier colorimetric
analysis.

ImageJ

Used for processing and data collection of
colorimetric and greyscale analysis of photographs of
sensors and solutions.

Microsoft Excel

Used for mathematical and statistical processing of
data collected in the laboratory.

COMSOL Multiphysics

Used the Diffusivity Toolbox for the computer
modeling of diffusion of our reactants in our hydrogel
strip suspended or otherwise positioned in various
solutions such as DHM.

4.4 Experimental Protocols

4.4.1 Growing the bacteria
The aim of protocol 4.4.1 is to allow bacteria to grow to an optical density (OD) between
0.2 and 0.6.

An inoculating loop was used to introduce one colony of SCU-104 E. Coli into a 40 mL
test tube prepared with 25 mL LB broth. The test tube was incubated at 225 rpm for three
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hours and thirty minutes at 37 degrees Celsius. A spectrophotometer was used to take
absorbance measurements for OD at 600 nm. The absorbance of the mixture must be
within 0.2-0.6. Incubate for another 30 minutes to one hour if the absorbance is not
between 0.2-0.6.

4.4.2 Inducing the bacteria
The aim of protocol 4.4.2 is to induce the E.coli to activate its lac operon.

A solution of 2 mM IPTG was prepared to be used in activation of the bacteria's lac
operon. 166 µL IPTG was added along with 5 mL LB broth to the bacterial test tube. The
tube was placed back in the incubator to incubate overnight (approximately 12 hours) at
225 rpm and 37 degrees Celsius.

4.4.3 Lysing the bacteria
The aim of protocol 4.4.3 is to lyse the E.coli to extract ~-galactosidase using B-PER.

The absorbance of the induced bacteria was measured at 600 nm. From the OD value , the
bacterial concentration of the bacterial sample was calculated. One mL of the bacterial
solution was pipetted into six microcentrifuge tubes. The six tubes were spun in the
centrifuge at 3000 rpm for five minutes to isolate the bacteria into a bacterial pellet. The
LB broth remaining over three of the six pellets was removed via pipette and discarded.
Then , the pellets were resuspended in their microcentrifuge tubes in 200 µL sodium
phosphate buffer (pH 7.2). These three pellets were lysed as described below to create
positive controls. The remaining three pellets were used to create a ladder as described in
Protocol 4.

AB-PER solution was prepared with an enzyme by adding 50 mg lysozyme to 5 mL of
B-PER. Then, 400 µL of prepared B-PER solution was added to each bacterial pellet
suspension. Three of the six microcentrifuge tubes were placed into the incubator at 37
degrees Celsius for one hour , and the other three samples were utilized to prepare ladders
of varying bacterial concentrations.
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4.4.4 Preparing the ladder
The aim of protocol 4.4.4 is to prepare a logarithmic ladder of bacterial concentration to
analyze the success and sensitivity of the reaction between ~-galactosidase and B-PER
and to generate a colorimetric scale.

Three of the six bacterial solutions were used to create bacterial concentration ladders.
Each pellet was resuspended in 200 µL of the 7 .2 pH buffer solution to create stock
solutions. 20 µL of each stock was introduced to a second microcentrifuge tube labelled
B. 180 µL of the buffer was added to each B tube. The B tubes were then vortexed to
fully suspend the transferred bacteria in the buffer , achieving a concentration one order of
magnitude less than the stock. Then, 20 µL of each B solution was introduced into a third
microcentrifuge tube labelled C. 180 µL of the buffer was added to each C tube. The C
tubes were then vortexed to fully suspend the transferred bacteria in the buffer , achieving
a concentration one order of magnitude less than the B tubes. This dilution process was
repeated five more times to reach tube H with a concentration of bacteria no higher than
101. A negative control with no bacteria labelled I was also prepared. All three ladders
were incubated in the 37 degrees Celsius stationary incubator for 1 hour. Next , a dab of
X-Gal was added to each tube in each ladder. Wait two to six hours for the X-Gal to react
with the ~-galactosidase before beginning Protocol 6.

Figure 6. Prepared bacterial ladder after incubation with X-Gal.

4.4.5 Creating the sensor strip
The aim of protocol 4.4.5 is to mix alginate gel and create a bioreactive sensor strip.
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3 grams of alginic acid sodium salt from brown algae was mixed with 100 mL of 0.9%
NaCl. The mixture was stirred for 24 hours at 650 rpm with a magnetic stir bar. Once it
was finished , it was autoclaved. After the gel was autoclaved , X-Gal was added to it in a
1 mg to 1 mL ratio and was mixed for two hours. This mixture was stored in the fridge

until use.

Use a small 1 mL syringe to measure out 1 mL of the X-Gal/alginate mixture onto a glass
slide in a petri dish. 1.5% CaC12 was poured over the gel strip until completely
submerged. The gel strip cross linked for 15 minutes. Once the strip has cross linked , trim
the strip to a smaller size.

4.5 Image Acquisition and Analysis
4.5.1 Image Acquisition
The aim of protocol 4 .5.1 is to capture standardized photos to quantitatively analyze the
colorimetry of the bacterial ladder using a black box.

The ladders are removed from the incubator and checked for blue precipitate. The LED
light strip in the black box is turned on. The least concentrated step of the ladder (a
negative control) is imaged first. The contents of the microcentrifuge tube are emptied
into the white cap, and the cap is lowered into the black box. Next , the lid of the black
box is replaced , and a phone is used to capture a picture of the cap and its contents under
standardized conditions. The cap is then removed from the black box , and the contents
are bleached and disposed of Then, the cap is dried.

The steps above are then repeated with the next lowest concentration step of the ladder
(step H). Each step of the ladder is successively imaged until all steps A-I have a
standardized photo taken under black box conditions.
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Figures 7, 8, and 9. Figure 7 (left) depicts the black box. Figure 8 (center) depicts how a phone
is aligned over the pinhole to capture a photo with standardizing lighting from inside the black
box. Figure 9 (right) shows an image captured using the box.
4.5.2 Image Analysis
Once the images were obtained using the blackbox , they were uploaded into the computer
software , ImageJ. ImageJ has the capability to analyze the RGB (red green blue) values ,
these are the primary colors of light usually perceived by the human eye. We took
multiple RGB values from different points within the well to avoid differences caused by
shadows or other image variations.

•

lmageJ

q gQjg~~~~~~~
x= 1848, y=816, value=000,063 , 121 (#003f79)

•

Figure 10. Figure 10 is a screenshot of what the ImageJ toolbar looks like above one of our
captured images.
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Once the data points were collected from each well , they were inputted into an Excel
spreadsheet. Each set color values for each well was averaged. The ratio between the B
value for each well and the average of the G and R values was used to determine how
blue each well was. This ratio was calculated in Excel.

4.6 Application of Data for Predictive Modeling
4.6.1 Predictive Modeling in COMSOL

COMSOL Multiphysics was used to create time dependent diffusion models in 2D of the
concentration of the substrate x-Gal into the surrounding solution outside of the strip
sensor containing ~-galactosidase. As mentioned previously , the predictive model on

COMSOL was performed in substitution of experimental validation in the lab.

The geometric model of the alginate strip sensor was created in the software using built
in tools. Using the already built in "diffusivity" multiphysics , we were able to utilize
Fick's Laws to analyze the diffusion rate. Below is the image depicting our model that
was created to represent the sensor strip (inside rectangle) and the surrounding solution
(larger rectangle). Once the geometry was created , data analysis took place to
theoretically determine the kinetic constant that was needed to calculate the diffusion
rate.
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Figure 11. Figure 11 depicts the initial geometry of the reaction space and the sensor strip.
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Fickian analysis of the diffusion taking place between the sensor and the surrounding
solution can illuminate which thickness of the sensor will be optimal for maximum
results. Maximum results can be defined as an increased sensitivity and a shorter
timeframe for results to show. Programmed into our time dependent model is Fick's Law
of Diffusion (Equation 1) which is used to find the change in concentration of the
substrate in the sensor over time. In the first domain (the sensor) , Equation 1 governs the
diffusion.
2

2

8x

8y

ac =D( Q...£..
+ Q...£..)
2
2

(1)

a,

where :
Dis the effective diffusivity (m 2 s-1) of the substrate
c is the concentration (mol/m 3)

However for domain 2 (the outside solution) Equation 2, a derivative ofFick's Law ,
governs the diffusion. Two separate equations are needed for diffusion in each domain
because in the free solution there is a reaction taking place between the X-gal and
~-galactosidase as the X-gal diffuses out. Equation 2 accurately models how diffusion
will affect the reaction. The initial concentration of the substrate inside the slab was
considered to be 1 mol/m 3 . Even though the experimental value will change , the
concentration can be normalized to be viewed on a scale of O and 1 mol/m 3 • The
boundary on the border of the sensor with the outside solution is governed by Equation 2
and Equation 2a (Application of Fick's Law). The assumption that ~-galactosidase only
reacted with X-gal outside the slab was made. At the edge of the slab, the concentration
was assumed to be 95% that of the initial concentration (or 0.95c).

ac
=D(
8t

(2)
(2a)

2

2
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+R
8x 2
8y 2

R = -k*c

where :
R is the reaction rate
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k is the kinetic constant

The concentration of the bulk solution outside of the sensor is set to O (mol/m 3) , since we
are trying to model the diffusion of the substrate out. The effective diffusivity value
outside of the slab is 6.376x10- 10 (m 2/s) and inside of the slab is 5.2lxl0-

11

(m 2/s). An

assumption made was that the pores inside the slab did not cause a significant effect on
the data. These values were utilized in Equation 3.

(3)
C

at+V

•(- D

off

Ve)

0

where :
£

is the average porosity

Deff

is the effective diffusivity

The kinetic constant was calculated using the data obtained from a previous iteration of
Milkguard designed by Kikuchi , May , and Zweber. To calculate the kinetic constant for
our reaction we evaluated the experimental data and theoretically extrapolated the kinetic
constant from that data. First , photos were taken at four different time frames capturing
the colorimetric change caused by the enzymatic reaction in nine different concentrations
of E. coli. These photos were obtained from last year's senior design group as seen below
in Figure 12. They were taken every 2 hours once the reaction began. Each well contains
a different concentration of E. coli which begins in the top left at 108 CFU /ml and
consecutively decreases by a power of 10 in each well to the right.
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Figure 12. From left to right are the images obtained after the reaction took place for 2, 4, 6, and
8 hours respectively.
Each individual picture was loaded into the COMSOL software and the RGB values were
obtained using four separate points from the middle of each well. Four separate RGB
values for each well were obtained to mitigate any uneven lighting or shadows that may
cause variation in the data. The RGB values for each well were placed into a spreadsheet
and averaged and used to determine how blue each well was. The "blueness" of each well
was determined by the ratio between the blue value over the average of the red and green
values. We analyzed multiple sets of wells to determine the average RGB ratio and the
standard deviation.

To determine the kinetic constant needed for the COMSOL simulation , we needed to
calculate the initial rate. The initial rate is the rate at which diffusion takes place when the
reaction first begins. The images analyzed do not depict the initial reaction time , thus the
initial rate needed to be theoretical extrapolated. To begin the extrapolation , the RGB
ratios that were calculated and averaged for each bacterial concentration were normalized
using the data obtained from the first picture taken. Equation 4 depicts the normalization
equation used to normalize the data and Figure 13 depicts what the data looked like after
normalization.

(4)

Earliest data - Current Data
Earliest Data
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Norma lize

10A8
10A7
10"6
10"5
10A4
10"3
10"2
10"1
0

1:00 PM
0
0
0
0
0
0
0
0
0

3:00 PM
0.1394
0.1063
0.1146
0.1011
0.1353
0.0933
0.0752
0.1139
0.1062

5:00 PM
0.2550
0.1813
0.1552
0.1100
0.1167
0.0690
0.0696
0.1033
0.1000

7:00 PM
0.6979
0.3905
0.1232
0.1049
0.0733
0.0042
0.0184
0.0262
0.0237

Figure 13. Excel sheet depicting normalized data for each bacterial concentration using the
earliest data (1 pm).
Once the data was normalized the initial rate was easily obtained by dividing the RGB
normalized ratio from the 1 pm time frame by 7200 seconds. This number was used since
the reaction took place for two hours before the images were obtained. The initial rate
was then graphed for each bacterial concentration as seen in Figure 14.
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Figure 14. Graph illustrating the initial rate for the data normalized using the earliest data set.

This graph did not accurately show what we anticipated because the concentration of zero
bacteria was depicting an initial rate higher than other bacterial concentrations. It should
not have an initial rate because there was no bacteria in the well so no reaction would
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take place. If no reaction took place then there is no way to track the diffusion of the
X-gal into the surrounding solution because no blue precipitate would form. So we
decided to normalize again, but instead of using the initial data, we used an empty well's
RGB values. The initial rate was calculated in the same way as before. Figure 15 depicts
the new initial rate values after normalizing differently.

InitialRate vs. Concentration(Normalizationusing EmptyWell)
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Figure 15. The initial rate graphed for each concentration based on data normalized using an
empty well.
These initial rates accurately represented what we predicted. The initial rate for lowest
concentration of bacteria was zero and the initial rate for the highest concentration of
bacteria was the largest. The sensor is not yet experimentally proven to be effective at
bacteria concentrations lower than 104 CFU/mL so we were less concerned with the
initial rates from those concentration levels. Once we obtained the initial rates , we were
able to enter them into the COMSOL simulation as the kinetic constant. We tested each
initial rate for the different bacterial concentrations to obtain a model for each
concentration. Utilizing these built in equations from COMSOL and assumptions
regarding our reaction , we are able to model the diffusion that takes place outside of our
sensor strip.
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CHAPTER 5: RESULTS
5.1 Introduction to Experimental Results
Results were obtained from each experiment or iterative optimization conducted. This section
conveys both the qualitative and quantitative observations made. Chapter 6 will discuss these
results further.

5.2 Enzyme Extraction Optimization
5.2.1 Optimal Lysing Reagent Determination
The purpose of this experiment was to determine the optimal lysing reagent for the
release of ~-galactosidase enzyme from E. coli bacteria. For this experiment , two
different lysing reagents were utilized : Bio Vision EZLys™ Bacterial Protein Extraction
Reagent and Thermo Scientific B-PER Bacterial Protein Extraction Reagent.
Two ladders were made with each reagent as detailed in Section 4.4.4. However , in one
of the two ladders of each reagent , 2 mg of solid X-Gal was added to each step of the
ladder , and in the other ladder of each reagent 200 µL of X-Gal/DMF solution was added
to each ladder step. This X-Gal/DMF solution was prepared by dissolving 24 mg of
X-Gal in 1 mL DMF and adding it to 19 mL of sodium phosphate buffer. Four ladder
steps were generated for each lysing reagent /X-Gal combination.

This procedure proved that the Thermo Scientific B-PER solution formed more
precipitate more quickly than the Bio Vision equivalent. The black box for standardized
photo analysis was not yet available , so qualitative analysis of the four ladders
determined which tubes formed the most precipitate. Another aspect of note is that it was
determined that X-Gal dissolved in DMF is a more effective substrate for the reaction
than solid X-Gal because reactions with dissolved X-Gal ultimately turned a darker blue
color than reactions with free X-Gal of the same lysing reagent. Figure 16 below shows
the bacterial ladders horizontally. The first and the fourth ladders , which both contained
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Thermo Scientific B-PER Bacterial Protein Extraction Reagent formed the more blue
precipitate than their Bio Vision equivalent as validated by visual inspection.

Figure 16. Ladders for determination of optimal lysing reagents. First ladder (top) used
Bio Vision lysing reagent and dissolved X-Gal. Second ladder used Thermo Scientific B-PER
and dissolved X-Gal. Third ladder used Bio Vision lysing reagent with free X-Gal , and fourth
ladder (bottom) used Thermo Scientific B-PER with free X-Gal.

To confirm the effectiveness of a mixture ofX-Gal and DMF as a substrate and Thermo
Scientific B-PER as a reagent , their repeatability was verified. To do this , three ladders
were prepared. Each ladder was created from a different bacterial colony from the same
strain and of the same agar plate. Thermo Scientific B-PER and dissolved X-Gal solution
were used in all of the ladders. Four steps of the ladder turned blue in all three ladders ,
consistent with our findings in 5 .1.2. This indicated that we found a successful and
consistent method to extract ~-galactosidase from bacteria and produce a blue precipitate
using X-Gal.
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5.2.2 Discovery and Confirmation of Potential for Reduced Lysis
The purpose of this experiment was to test whether or not bacterial lysis for enzyme
extraction was required for enzymatic reaction and production of the blue precipitate to
occur. For this experiment, four bacterial ladders were generated as discussed in section
4.4.4. However, lysing reagent of any kind was omitted from all ladders. Two ladders
were prepared from bacteria induced with whole milk, and two ladders were prepared
from bacteria induced with human breast milk. In both sets of ladders, the four highest
bacterial concentrations all showed a blue color, indicating that the enzymatic reaction
had occurred and was visible with a sensitivity of 105 CFU/mL.

Whole Milk
Induced Ladders

Breast Milk
Induced Ladders

Figure 17. Ladders generated without bacterial lysis. The top two ladders were prepared
from bacteria induced with whole milk, and the bottom two ladders were prepared from
bacteria induced with breast milk.

The lysed and not lysed ladders were compared to better understand the effect of lysing
on the enzymatic reaction and colorimetric scale, as seen in Figure 18 below.
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Figure 18. The graph above compares the colorimetric results of lysed and non lysed
ladders induced using whole milk. The darker blue points represent a bacterial ladder
lysed with B-PER while the light blue points represent a bacterial ladder with no added
induction agent.

5.3 Induction Reagent Optimization
5.3.1 Induction with Whole Milk
The goal of this experiment was to increase the accuracy of the conditions for the sensor.
By inducing the bacteria with whole milk , we created conditions for the bacteria to grow
that would better mimic the way bacteria grows in breast milk , utilizing lactose to induce
the Lac operon rather than IPTG. We predicted that whole milk would provide sugar and
nutrients for more optimal bacterial growth. After incubation for 3-3.5 hours , we checked
the optical density (OD) of the bacteria to ensure it was in the log phase which has values
between 0.2 and 0.6. After this step, instead of inducing with IPTG , we added 150 uL of
whole milk to the bacteria LB Broth solution. We then incubated overnight or for 8-12
hours. Utilizing whole milk in the induction process enabled a lower concentration of

E.coli to be detected.
The whole milk induced ladders were analyzed using the ImageJ software to obtain the
RGB values. Each concentration of E. coli was analyzed to find the RGB ratio or the
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"blueness" of each sample. A number above one means blue was detectable. The graph
below indicates the RGB ratios for the different concentrations of E. coli.

Blue Color Emission v. Bacterial
Concentration Whole Bovine Milk
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Figure 19. Graph depicting the calculated RGB ratio for different concentrations of E. coli
induced with whole bovine milk.
The graph indicates that the highest intensity of blue coloration was observed at 107
CFU/mL rather than the 108 CFU/mL sample. This potential inconsistency results from
the natural off white /yellow coloration of a colony of E. coli. The E. coli tinted the 108
CFU/mL sample slightly green rather than a more intense blue color.

5.3.2 Induction with Breast Milk
The goal of this experiment was to replicate the exact conditions for the sensor through
the use of donated human breast milk as the induction agent. Initially, whole milk was
used rather than breast milk due to ease of access and resource quantity limitations.
Breast milk was used as an induction agent to ensure equal sensor sensitivity and
effectiveness with the unique composition of breast milk. Utilizing breast milk in the
induction process produced a sensitivity equal to that of whole milk.
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Whole
Figure 20. Ladders generated to compare sensor sensitivity and effectiveness when used
with bacteria induced with whole milk (left) and bacteria induced with breast milk (right).
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Figure 21. Graph depicting the calculated RGB ratio for different concentrations of E.
coli induced with donated human breast milk.
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5.4 Sensor Morphology Optimization
5.4.1 Utilization of a Sensor Strip Within a Bacterial Ladder
The purpose of this experiment was to test whether encapsulation ofX-Gal within an
alginate-based sensor strip would impede the amount of blue precipitate produced in
comparison to a dissolved X-Gal solution. To measure the baseline effectiveness of an
alginate strip, the sensor strip was prepared as described in Section 4.5.5. However , the
strip was dried overnight before the cross-linking step to replicate industry manufacturing
conditions. The strip used is shown below in Figure 19. Two ladders were prepared as
described in Section 4.4.4. A third ladder was prepared similarly , but instead of adding
free X-Gal to each successive microcentrifuge tube, a small piece of the sensor strip
produced earlier was placed in each step of the ladder.

A visibly blue reaction was seen in the first two steps of the ladder with the strips, and the
first three steps in the ladder with free X-Gal solution. Upon further visual inspection of
each ladder shown in Figure 20 below , bacterial detection was not achieved in solutions
with 107 CFU/mL E.coli or fewer when using the alginate strip.

Figures 22 and 23. Figure 22 (left) shows an alginate strip during the cross linking process.
Figure 23 (right) shows the same strip after drying for 24 hours.
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Figure 24. Three ladders are shown here to illustrate the difference in detection of E. coli
between the X-Gal in the dried strip and the free X-Gal dissolved in DMF. The top ladder
contains the strip, while the bottom two contain only the free X-Gal in DMF mixture.
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Figure 25. This graph compares the intensity of blue color produced by the complete MilkGuard
alginate sensor and a sample with free, unencapsulated X-Gal in solution for limited bacterial
ladder.

Comparing the amount of blue precipitate formed by X-Gal encapsulated in our
MilkGuard sensor to the amount formed by free X-Gal above in Figure 25 reveals some
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of the limitations of the alginate sensor in this early experiment. These results
demonstrate that further physical optimization is necessary to improve the efficacy of the
sensor strip.

5.4.2 Thickness Optimization via COMSOL Modelling
The thickness of the strip can be virtually optimized in COMSOL to maximize the speed
and quantity of precipitation of the reaction between X-Gal and ~-galactosidase. Using
our 2D model future groups can develop a more comprehensive 3D model to determine
the optimized thickness of the sensor. Diffusion ofX-Gal out of the alginate strip is
critical for detecting bacteria , as the enzymatic reaction occurs on the surface of the strip
and the blue precipitate diffuses outward into the solution from there. Thus , we generated
a model as described in section 4.6.1 to investigate the optimal thickness of the strip that
would allow for the quickest reaction rate. Figure 21 is an example of the results we were
able to obtain from the model. We simulated the diffusion for four hours to see how the
reaction and diffusion would affect the model.
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Figure 26. COMSOL results for bacterial concentration of 108 CFU/mL.

49

CHAPTER 6: DISCUSSION OF RESULTS

6.1 Introduction to Experimental Results
Results were obtained from each experiment or iterative optimization conducted. This section
discusses the significance of the results and highlights key accomplishments of the research.

6.2 Enzyme Extraction Optimization
6.2.1 Optimal Lysing Reagent Determination
While Bio Vision EZLys™ Bacterial Protein Extraction Reagent advertises as identical to
the Thermo Scientific B-PER Bacterial Protein Extraction Reagent , the Thermo Scientific
Reagent is the industry standard and the more expensive reagent. Since the Bio Vision
EZLys™ would be a less costly option , its use in MilkGuard's protocol could result in a
less expensive and more accessible product. The results in 5 .2 .1 confirmed that the
Thermo Scientific B-PER Bacterial Protein Extraction Reagent is a more effective lysing
agent. This was the first experiment conducted , and it was necessary confirmation to
determine lysis protocols in all future experiments.
6.2.2 Lysing Reduction Determination
This experiment indicated that bacterial lysis is not a requirement for successful
enzymatic reaction between Beta-galactosidase and X-Gal substrate. This discovery
could allow for further reduction of the price of each MilkGuard sensor through either the
elimination of or the reduction of lysing the reagent required. Further experimentation
needs to be performed to investigate the influence that different concentrations of lysing
reagent have on MilkGuard sensor sensitivity , though. Our results indicate that a
successful reaction can happen without lysis, however , this determination will need
further experimentation before we can definitely state that lysis has no effect on the
reaction.
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6.3 Induction Reagent Optimization
6.3.1 Optimized Sensitivity with Induction Reagents
Whole milk and breast milk were experimentally determined to have similar sensitivity
levels within the sensor. Different induction reagents were used throughout the
experimentation process to ensure the sensitivity and usability of the sensor and then
those reagents were optimized to show how the sensor would work in industry. Through
experimentation , the data showed that using lab reagents and breast milk were virtually
the same. This meant that our sensor could be used successfully with breast milk. Future
groups will need to hone in on this to lower the sensitivity even further.

6.4 Sensor Morphology Optimization
6.4.1 Sensor Strip Utilization with Bacteria Ladder
The sensor strip used in the experimentation process was either too thick to allow proper
diffusion of the X-Gal into the free solution or was cross-linked too long. Future groups
will need to perform further experiments using the alginate gel strip sensor to optimize
the thickness and the crosslinking time to produce a lower limit of detection. Although
some blue was indicated in 107 (CFU /mL) and above , more experimentation needs to be
done to better optimize the sensor thickness and performance.
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CHAPTER 7: ETHICS AND ENGINEERING STANDARDS

7.1 Ethical Justification
Breast milk is vital for health in early life, yet there is little research into how to make the breast
milk banking field more accessible. Because breast milk banking saves vulnerable young lives,
our team has an obligation to develop an accessible and affordable sensor capable of detecting
bacteria at low levels in breast milk. Pasteurization is an expensive process and can be
complicated and lengthy , many milk banks worldwide do not have the access or resources to
maintain the process. It is important to develop a sensor that can accurately and safely detect
bacteria in breast milk , so all the infants in need can have a fighting chance.
Ethical engineering design requires paramount attention to the needs of an end user. In order to
validate a product , engineers must ensure that the final product fulfills the requirements set by
the target users. For MilkGuard , design with the end users in mind was two-fold , as the
envisioned use of MilkGuard is in both local milk banks and in small clinics in developing
nations. If MilkGuard was unable to meet the needs of either or both use case scenarios , then its
production would be unethical as its use would be ineffective and unsustainable. To better
understand the needs of a specialized milk bank , we visited the Mothers' Milk Bank in San Jose.
The sensor also must be used by low level technicians. MilkGuard has an obligation to fill the
void in access and affordability by developing a low cost and highly sensitive sensor strip.

7 .2 Engineering Standards for Consideration
7.2.1 Social Impact
The IEEE/Society for Social Implications of Technology Standards Committee has
specified several major areas of opportunity for applying technology to the equitable
benefit of society. MilkGuard falls squarely into the category of health and healthcare
technology benefits for all [25]. As such , we have made efforts to ensure that MilkGuard
would not disproportionately advantage groups that already have access to safe DHM.
This was achieved through attention to the cost of a MilkGuard sensor.
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According to the WHO , 820,000 fewer children would die in infancy annually if
optimally breastfed. By increasing access to DHM in both developed and developing
nations , MilkGuard can help lower the gap in infant mortality rates between wealthy and
impoverished communities. Lower child mortality rates directly correspond to more
equitable gender relations and a higher national standard of living [26]. Socially ,
MilkGuard can equalize many disparities in our global community.

7.2.2 Health and Safety Provisions
As MilkGuard is a sensor that tests the biological safety of DHM , it is paramount that it is
safe and reliable to ensure infant health. In the United States, milk banks perform both
pre-pasteurization and post-pasteurization bacteriological testing to minimize waste. For
infant health , the post-pasteurization bacteriological testing is more critical , so many less
wealthy other nations perform only post-pasteurization testing. To pass a
pre-pasteurization bacteriological culturing test, donated breast milk must have less than
106 CFU/mL bacteria and less than 104 CFU/mL pathogenic bacteria [12]. As such,

MilkGuard could safely eliminate pre-pasteurization culturing for E. coli entirely.
Post-pasteurization bacteriological testing ideally eliminates samples with any active
bacterial colony forming units whatsoever [17]. To be a completely safe test for the
detection of E. coli after pasteurization , the lower limit of detection for MilkGuard must
continue to be lowered. Ultimately , MilkGuard is a sensor dedicated to improving infant
health , so verifying its safety before recommending use is an ongoing process.

7.2.3 Regulatory Requirements
The United States FDA officially recommends the use ofDHM with the consultation of a
physician. In addition , the FDA recommends contacting an individual's state Department
of Health to get more information regarding local milk banks. The Human Milk Banking
Association of North America (HMBANA) also regulates and discloses the health
standards of milk banks voluntarily [27]. We have dedicated our work on MilkGuard to
ensuring its function can comply with the highest standards and best practices regularly
updated by the FDA and HMBANA.
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Likewise , other countries such as India have their own regulatory bodies. Across the
world , milk banks typically comply with the detection standards discussed in Section
7.2.2 above [28]. MilkGuard complies with all guidelines set by the Indian Journal of
Pediatrics , which are based primarily on studies verified by the U.S. FDA [28].

7.2.4 Economic Considerations
One of the key parameters important in the design and development of our sensor was
ensuring that it is accessible to milk banks across the country and world. We determined
that the sensor needed to be a dollar or less in order to be the most accessible over our
competitors. This price point was determined under advisement from our thesis advisors
and with attention the user needs research conducted by the founding MilkGuard senior
design team [35]. Currently , the cost to produce a single MilkGuard test strip is $0.81
USD (see Appendix 10.1).

7.2.5 Manufacturability
Manufacturability was another key consideration in the design of MilkGuard. By utilizing
a simple gel strip design , the MilkGuard sensor can be manufactured cheaply and easily.
MilkGuard is composed primarily of alginate ionically crosslinked with CaC12 solution.
As the scale of ionic crosslinking with CaC12 increases as in a mass production phase , the
gelation rate of alginate linked by CaC12 could cause inconsistency [30]. Based on
literature review , we would recommend manufacturing take place at a higher temperature
over a longer time frame to ensure uniformity in spite of a potentially lowered gelation
rate [30]. Our vision for MilkGuard is to take the form of a small kit consisting of a
pouch that contains vials of any lysing reagent necessary as well as the actual sensor
strip. Both of these components would be easily manufacturable , allowing MilkGuard to
remain cheap and achieve its mission of making donated breast milk more accessible.
Unfortunately , no universal set of standards of recommendations for the sterilization of
hydro gels can be developed at this time due to their highly customizable nature [34].
Upon proceeding to a distribution phase , testing to determine proper sterilization manner
and methodology must be conducted to ensure the MilkGuard's hydrogel strip is not
degraded.
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7.2.6 Usability
Our sensor is for local and international mik banks , so users of MilkGuard will have
diverse educational and training backgrounds. For instance , the technicians we met at
Mother's Milk Bank in San Jose were highly educated , but users in India may not be
trained in compliance with recommended best practices [35]. Because of the variation in
training , it is important that the sensor that we designed is easy to use. The usability of
our sensor was highly improved by switching the design from hydrogel beads to an
alginate strip sensor that is larger and more manageable. By facilitating this change , our
team was able to create a simple and effective sensor that any user could use. The results
are readable , however , to make the sensor's results even clearer a colorimetric scale
corresponding to the sensor's color should be produced. Including a scale with a clear
user instruction guide will improve any variations in use cases that could worsen the
function of MilkGuard.
7.2. Environmental and Sustainability Impacts
Utilizing alginate as the primary sensor material allows MilkGuard to be environmentally
friendly. Alginate is a biocompatible and biointert compound [29]. Therefore , the
disposal of the alginate strip following sensor use should not cause environmental harm.
Moreover , no GHS hazard classifications apply to the X-Gal powder substrate used in
MilkGuard [32]. GHS refers to the Globally Harmonized System of Classification and
Labelling of Chemicals. GHS utilizes a three hazard evaluation system to evaluate the
health hazards , physical hazards , and environmental hazards of a chemical [33]. When
X-Gal is dissolved in dimethylformamide (DMF) solution , it is classified as harmful.
Thus , we urge future researchers to limit the use of DMF solution unless absolutely
necessary. We also envision the MilkGuard kit utilizing as few chemicals as possible
inorder to keep negative environmental impacts low. This includes the Bacterial Protein
Extraction Reagent (BPER). Thus , we urge future groups to experimentally confirm
whether lysis by BPER is truly required for time effective colorimetric development.
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CHAPTER 8: CONCLUSION
This academic year , our goals for MilkGuard changed with our circumstances as we were forced
to leave the lab due to the outbreak of COVID-19. However , our primary goal remained the
same: we wanted to improve the function of MilkGuard as an alginate strip by enhancing its
usability , reducing its cost , and optimizing its geometry.

To verify the usability ofMilkGuard , we performed parallel tests to confirm that MilkGuard was
as sensitive when using breast milk as an induction agent as when using whole milk as an
inexpensive testing alternative. We confirmed that MilkGuard is user-friendly and applicable to
its actual-use case by determining its performance using a sample ofDHM. We also were able to
make a preliminary effort towards reducing the costs of MilkGuard by examining the necessity
of lysis reagent in MilkGuard. If future MilkGuard teams can confirm the potential for reducing
the amount ofB-PER used , MilkGuard ' s accessibility can be increased. Finally , we developed an
accurate mathematical model for our sensor in COMSOL to physically model the reaction
between X-Gal and ~-galactosidase in the surrounding solution. Our determination ofrelevant
kinetic constants will allow for continued virtual optimization.

Not only have we achieved improvements to MilkGuard that increase its potential in industry ,
but we have developed the tools to help future MilkGuard teams continue to optimize MilkGuard
and bring it to communities in need. Due to our contributions , MilkGuard is now a more
sensitive , safe, and usable tool for increasing access to DHM around the world. We are looking
forward to the day when MilkGuard is in use and infant health is improving globally.
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CHAPTER 10: APPENDICES
10.1 Cost Breakdown Per MilkGuard Alginate Strip
Table 4. Cost determination of a single MilkGuard Alginate Strip
Material
Sodium phosphate
buffer

Price per Purchase

Amount in Purchase

22 .48 500000 UL

Amount Used In Test

Price per Test

200 UL

0.02248

Lysozyme

20 1.00 10000 mg

4.3 mg

0.08643

B-PER

340 .00 500000 uL

400 UL

0.272

Alg inic Acid Sod ium
Salt

1g

76 .10 250 g

0 .3044

X-Gal

2 15.00 1000 mg

3 mg

0.64 5

CaCl2

194 .00 10 g

0.0 15 g

0.29 1

Total Price for a Test
w 100% BPER

0.810655

Total Price for a Test
w50% BPER

0.742655

Total Price for a Test
w No BPER

0.674655

10.2 Team Members and Roles
Emily Brogan : Lead Contact Person and Coordinator
Emily served as the primary contact person representing the MilkGuard team and led our
coordination for both external and internal checkpoints. Emily received the senior design
important information from the School of Engineering throughout the year and communicated it
to the rest of the team. In addition , Emily requested our purchases in a timely manner ensuring
our lab work could progress. Finally , Emily helped organize our team ' s and our mentors'
schedules to set up meetings to streamline our progress.
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Ariana Haddad : Analysis and Modeling Leader
Ariana served as the primary data analysis and modelling student. Ariana would keep records of
each of our experiments organized , and she would ensure we extracted the data in timely
manners. She also worked tirelessly on our Fickian analysis needed to determine our constants
needed for our COMSOL simulation. Finally , Ariana hosted and performed troubleshooting for
our COMSOL simulation to ensure it was an accurate and useful model.

Bridget Woody : Bacterial Ladder and Imaging Leader
Bridget served as the primary lab work and imaging leader. Bridget would make sure we had
clear goals for each bacterial ladder and its corresponding test. When the result of an experiment
needed additional work to contribute to the project , Bridget would work on an updated protocol.
In addition , she would return to the lab and take pictures of samples when ladders needed
additional monitoring over time. Finally , Bridget would manage the lab notebook and written
notes.

While we had primary roles , each member of the MilkGuard team also worked together in all
their responsibilities. Through our unified dedication and collaborative efforts towards our goals,
we were able to work seamlessly as a team.

10.3 Key Acronyms and Abbreviations
WHO= World Health Organization
DHM = Donor Human Milk or Donated Human Breast Milk
CFU = Colony Forming Units
CC = Microfluidic Capillary Circuit
X-Gal = 5-bromo-4-chloro-3-indolyl-~-D
IPTG = Isopropyl ~- d-1-thiogalactopyranoside
DMF = Dimethylformamide
OD = Optical Density
B-PER = Bacterial Protein Extraction Reagent
IEEE = Institute of Electrical and Electronics Engineers

62

FDA= Food and Drug Administration
HMBANA = Human Milk Banking Association of North America
GHS = Globally Harmonized System of Classification and Labelling of Chemicals
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